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bstract
New hollow fibre nanofiltration membranes have been developed by UV-photografting using sodium p-styrene sulfonate (NaSS) as a vinyl
onomer. The influence of different parameters on the grafting process such as irradiation time, quantity of received UV energy by the membrane
nd addition of photoinitiator, on the performances and the characteristics of the membranes were examined. The molecular weight cut-off of
he grafted hollow fibres was estimated using different PEG solutions. The grafted membranes were also evaluated for the removal of different
nionic dyes (Acid, Direct and Reactive dyes) with an aim to reuse the dye and the water in the process house. It is observed that the newly
eveloped hollow-fibre membranes show performances which are close to that of an “ideal” membrane adapted to the treatment of dye effluents.
or example, a negatively charged hollow fibre with a 4500 Da cut-off can be used to concentrate a saline direct red 80 solution with a high flux
15 10−5 l h−1 m−2 Pa−1 (15 l h−1 m−2 bar−1)), a high dye rejection (R > 97%) and a salt retention lower than 2%.
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. Introduction
In the textile industry, there are several process operations
or finishing of fabric which generate wastewater with various
ompositions. These operations include desizing, scouring, mer-
erizing, bleaching, dyeing or printing and finishing. Among all
hese wastewaters, the dyeing wastewater is more problematic
ue to the presence of dyes. The textile dyes are organic compo-
ents which are usually toxic, non-biodegradable and they have
cosystem actions on the rivers [1]. Consequently, the treatment
rocesses must be able to reduce the colour higher than 90%.
There are three groups of textile dyes depending on their state
n solution and on their charge: group N; neutral dyes such as
isperse, vat and sulphur dyes which are not soluble in water;
roup C; cationic dyes like basic dyes and group A; anionic
yes that is to say acid, direct and reactive dyes which are sol-
ble in water. Treatment technologies for removing dye from
astewater are divided into several groups such as: coagulation,
∗ Corresponding author. Tel.: +33 561 55 76 18; fax: +33 561 55 61 39.
E-mail address: remigy@chimie.ups-tlse.fr (J.C. Remigy).
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Biological, adsorption, oxidation, ion-exchange, electrochem-
cal and membrane separation [2]. There are advantages and
isadvantages associated with each of these techniques and not
ll are suitable for all dye classes.
However, because a membrane can act as a purely physical
arrier to specific components without either the degradation of
he components or the addition of chemicals, membrane separa-
ion, potentially allows the removal and reuse of dyes, chemicals,
nd process water. In this respect, membrane processes differ
rom the other generic groups.
Among all types of membrane operations, nanofiltration, due
o the different mechanisms of retention allows to concentrate
nd reject soluble and ionic dyes such as acid, basic, direct and
eactive dyes [3]. Microfiltration and ultrafiltration are suitable
or removing of colloidal dyes such as disperse and vat dyes.
However, most of commercial nanofiltration membranes
re polyamide based. The polyamide is a textile fibre polymer
hich can be dyed by the majority of textile dyes. Thus, usinghis type of nanofiltration membranes for the treatment of
yeing effluents causes membrane fouling and so flux decreases
uring filtration as it has been shown in a previous paper [4].
. Van der Bruggen et al. have studied the performance of
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so the feed concentration is constant. In the retentate line, a
flow meter is placed to regulate the linear feed velocity (u,
m s−1). The feed flow rate was set between 65 and 260 L h−1.
The desired pressure, adjusted by means of a pressure regulator,hree nanofiltration membranes (cut-off: 180–250–800 Da)
o the treatment of dyehouse effluents [5,6]. The membranes
ere NF70 (polyamide composite), UTC-20 (piperazineamide
omposite) and NTR 7450 (polyether sulfone sulfonate)
ith a molecular weight cut-off (MWCO) of 200, 180 and
00–800 Da, respectively. They have observed that the obtained
ux by polyamide membranes (NF70 and UTC-20) has strongly
ecreased. They have attributed this decline to the osmotic
ressure and the dye adsorption by membranes due to the
resence of polyamide in the membrane surface.
Van der Bruggen et al. [6] have also examined the mecha-
isms of flux decline and dye retention of the same nanofiltration
embranes. They have used a synthetic dye solution containing
f reactive blue 2 (M.W.: 840 Da, three sulfonate groups), reac-
ive orange 16 (M.W.: 617 Da, two sulfonate groups), Na2SO4,
a2CO3, NaOH and a surfactant. They have observed that salt
etention was decreasing with a salt concentration increase due to
he decrease of the Donnan effect. The flux was also dependent to
alt concentration and it decreases rapidly with increasing of salt
oncentration: due to the important salt retention, the osmotic
ressure difference is increased and consequently the flux also
ecreases.
This brief review of the literature leads us to conclude that:
NF polyamide-based membranes are not suitable for the treat-
ment of textile dye solutions due to fouling.
NF membranes with a too low MWCO are also not suitable
due to a too high salt retention.
An “ideal” membrane for the treatment of textile dye solu-
ions would then have the following characteristics:
A thin skin with a high density of charges of the same sign
that the dyes to be retained (i.e. in order to obtain low fouling
and high dye retention).
A small retention of salt in order to avoid a too high osmotic
pressure and a decrease of dye retention due to the decrease
of the electrostatic part of dye retention.
In a previous paper, an attempt has been successfully
ade to prepare such an “ideal” flat sheet membrane by
V-photografting an ultrafiltration polysulfone membrane in
resence of sodium p-styrene sulfonate (NaSS) and [2-
acryloyloxy)ethyl]trimethyl ammonium chloride (AO) [7]. By
V-photografting technique, chemicals bonds in the polysul-
one membrane which is photo-reactive can be cleaved to create
adical sites [8]. Free radical polymerisation will occur at these
ites in presence of a vinyl monomer, and thus polymer chains
re grafted to the membrane surface by covalent bond. In the
resent study, this method has been adapted for the modification
f the external surface of hollow fibres using the photografted
rocess elaborated at our laboratory [9,10].
The choice of hollow fibre geometry with an outside-in mode
f filtration has been made for the following reasons [11]:
Hollow fibres can be assembled in large modules with large
surface areas.An outside-in mode of filtration leads to an optimum small
diameter hollow fibre giving the possibility to manufacture
modules with a larger surface area than with an inside-out
mode of filtration.
With an outside-in mode of filtration, fouling is lower and
backflushes are more efficient to remove cake layer than with
an inside-out mode of filtration.
. Materials and methods
.1. Photografting set-up
Fig. 1 represents the UV-photografting set-up. The UF
ollow-fibre membrane, initially wet by water, was dipped in
he aqueous monomer solution (not degassed). Then the hol-
ow fibre passed through two UV systems (model UVAPRINT
E S/CM, UV polychromatic lamp of F type, 25 cm length,
oenle UV France, Lyon, France) where the photografting
ccurs under air. The line rate (U, m min−1) of the hol-
ow fibre (production rate) is maintained constant at a value
omprises between 2 and 20 m min−1. After irradiation, the hol-
ow fibre was carefully, washed with reverse osmosis treated
ater.
The total energy (E, J m−2) received by the membrane is
qual to the product of the intensity (IUV, W m−2) by the res-
dence time or irradiation time (Tirr, s) in the reactor. The UV
ntensity was measured using an UV meter High End (Hoenle
V France, Lyon, France) equipped with UVA, UVB and UVC
ensors. Energy given in this article is the total UV energy. A
ore complete description of these parameters can be found in
eference [10].
.2. Filtration system
Fig. 2 shows the tangential NF unit. From the feed tank
volume 5 L), the feed solution is pumped to the hollow-fibre
odule. The module contains 10 fibres of 20 cm length. The
etentate and permeate solutions are recycled to the feed tankFig. 1. Schema of the photoreactor set up.
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dFig. 2. Schema of the tangential nano
as varied in the range of 0.5–4 × 105 Pa (0.5–4 bars). The tem-
erature of the feed solution is maintained at 25 ◦C. Excepted
or the long time filtration (see Fig. 14), the flux and retention
ere measured during 60 min, each 10 min. The values reported
ere correspond to a stable flux which was achieved after
0 min.
.3. Materials
.3.1. Support ultrafiltration hollow-fibre membranes
Two hollow-fibre polysulfone membranes called 1A and 2A
ere home-made by phase inversion [13]. The characteristics of
hese hollow fibre membranes such as water permeability (Lp),
ntrinsic 10 kDa PEG retention (Rint) [14], inner (din) and outer
dout) diameters are presented in Table 1. The active surfaces of
he HF modules are also given.
.3.2. Monomer, crosslinker and photoinitiator
Sodium p-styrene sulfonate, N,N′-methylene bis acrylamid
crosslinker, Ret) and 4-hydroxybenzophenone (photoinitiator,
I) were purchased from Aldrich and used as received without
urther purification. NaSS concentration [NaSS] is given in mass
ercent. Concentration of Ret [Ret] and PI [PI] are given in mole
ercent of moles of NaSS.
able 1
haracteristics of support hollow fibre membranes (i.e. before photografting)
upport hollow fibre 1A 2A
in (mm) 0.60 0.65
out (mm) 1.10 1.20
p (×10−5 l h−1 m−2 Pa−1 (l h−1 m−2 bar−1)) 30 31
int (%) PEG 10 kDa 65 87
ctive surface of module (cm2) 69.1 75.4
[
u
e
d
T
C
D
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D
D
Rion unit and the hollow fibre module.
.4. Membrane characterizations
The water flux was measured by filtrating reverse osmo-
is treated water at different applied pressure between 0 and
× 105 Pa (0 and 3 bars).
The membrane characterization studies were carried out
sing a polyethylene glycol (PEG) series (600, 2000, 4600,
0,000 Da) (Aldrich, France) for MWCO measurement using
he Causserand’s protocol [14], with dye solution, with single
alt solution (NaCl) and mixture of dye and salt solutions. The
bserved retentions of the dyes and salt were measured under
ifferent pressures up to 3 × 105 Pa (3 bars) and different feed
elocity u (0.1–0.8 m s−1).
The concentration of PEG was measured from Total Organic
arbon (TOC) of the single PEG solutions. TOC was mea-
ured using a carbon analyzer SHIMADZU model TOC 5050
. The concentration of dye solutions were analyzed using an
V–vis spectrophotometer ANTHELIE SECOMAN (Domont,
rance) at the wavelength of the maximum absorption of each
ye. Table 2 represents the main characteristics of the used dyes
12]. A concentration of 100 ppm of dye in water has been
sed in all experiments. The choice of the concentrations was
xplained elsewhere [7]. The concentration of salt solutions was
etermined from the conductivity of solution.
able 2
haracteristics of the dyes [12]
ye (supplier) Symbol M.W.
(Da)
Charge [dye]
(mM)
cid orange10 (Aldrich) AO10 452 −2 0.22
irect red 80 (Ciba) DR80 1373 −6 0.07
irect yellow 8 (Aldrich) DY8 518 −1 0.19
eactive orange 16 (Aldrich) RO16 617 −1 0.16
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3.1.2.2. Energy monitored by the line rate. Fig. 5 represents the
variation of the permeability and the degree of grafting of the
1A polysulfone membrane modified by UV photo grafting at the
same monomer concentration (15%) according to the receivedThe degree of grafting (DG) was determined by an ion-
xchange capacity method [15]. After washing with reverse
smosis treated water in order to remove the not grafted
onomers, 1 m length of grafted hollow-fibre was placed in
M HCl solution for 20 h to obtain the acid form of the sul-
onic groups. The hollow fibre in H+ form was then equilibrated
n 0.05 M NaCl solution for 10 h at 20 ◦C. The amount of pro-
ons released in the solution, was measured using a pH meter.
rom the pH difference of the NaCl solution after and before
quilibration, the degree of grafting was calculated. This anal-
sis was made at least two times in order to have less than 5%
f difference between measurements. The degree of grafting is
xpressed in mmol of monomer per m2 of membrane.
. Results and discussion
.1. Photografting
.1.1. Irradiation of hollow-fibre membranes in absence of
onomer
The hollow fibre membrane (2A) was irradiated in absence of
onomer, at received UV energies between 200 and 350 kJ m−2
o investigate the photo degradation of the PSf hollow fibre mem-
rane. Results for the pure water permeability and the observed
etention of PEG as a function of the received energy are shown
n Fig. 3. One can observe that the water permeability and the
EG retention both decrease when the total received energy
ncreases. This simultaneous decline has already been observed
or polyethersulfone membranes and was attributed to compe-
ition between two phenomena: crosslinking and chain scission
16]. The crosslinking of the PSf chains decreases the water per-
eability (i.e. closing the small pores) while chain scissions are
esponsible for the loss of membrane selectivity (i.e. opening
he big pores).
.1.2. Effect of received energy.1.2.1. Energy monitored by the UV intensity. Several modi-
ed hollow-fibre membranes were prepared from the 1A hollow
bre membrane at the same monomer concentration (15%) and
ine rate (3 m min−1) but at different received energies (i.e. dif-
ig. 3. Pure water permeability (Lp) and observed retention (R) of PEG 10 kDa
applied pressure: 1 × 105 Pa (1 bar) and 25 ◦C) of 2A hollow fibre mem-
rane irradiated in absence of monomer vs. received UV energy (line rate:
.5 m min−1).
F
1
tig. 4. Degree of grafting (DG) and pure water permeability (Lp, 25 ◦C) of
rafted 1A hollow fibre membranes vs. received UV energy (line rate: 3 m min−1,
NaSS] = 15%, [Ret] = 2%).
erent UV intensities). Fig. 4 shows the water permeability and
he degree of grafting as a function of the energy. Goma-Bilongo
t al. [10] showed that when the line rate is constant, the con-
entrations of monomer at the membrane and/or in the pore are
onstant. So the observations only depend of the UV intensity
ffect. The results show that the degree of grafting increases with
he increase of energy, while the water permeability decreases.
owever, for high energies (larger than 900 kJ m2), the perme-
bility remains constant while the dg still increases. This point
s not clearly understood and is probably due to the presence of
arge pores (i.e. a broad pore size distribution) which are closed
ith difficulty by the grafted layer. This assumption is partially
onfirmed by the MWCO measurements of the selected fibre:
he retention of 10 kDa PEG is not total (see Fig. 7).ig. 5. Degree of grafting (DG) and pure water permeability (Lp, 25 ◦C) grafted
A hollow fibre membranes as a function of received UV energy, irradiation
ime and line rate (UV intensity IUV = 100 kW m−2, [NaSS] = 15%, [Ret] = 2%).
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both at the surface and in the liquid film. A pore is progressively
closed by the increase of the grafting layer at the surface and by
the synthesis of polymer chains over the pore.
Table 3
Effect of photoinitiator on PEG 10 kDa retentionnergy monitored by variation of the line rate (and consequently
y the irradiation time, Tirr). As before, it is observed that the
egree of grafting increases with the increase of energy while
he water permeability decreases.
Measurements for an energy of 1000 kJ m−2
DG = 0.6 mmol m−2; Lp = 4 × 10−5 l h−1 m−2 Pa−1
4 l h−1 m−2 bar−1)) correspond to a line rate of 3 m mn−1 and
re then directly comparable to the same measurements shown
n Fig. 4 (DG = 0.75 mmol m−2; Lp = 3 × 10−5 l h−1 m−2 Pa−1
3 l h−1 m−2 bar−1)). Discrepancies can be attributed to the
ifferent batch of 1AG fibre and to experiments made at several
onths interval (cumulative small differences on line rate,
emperature, monomer concentration and UV lamp power).
On the contrary, the measurements for the other ener-
ies were not performed at the same line rate and the
esults are very different. For example, results for energy of
00 kJ m−2 are DG = 0.25 mmol m−2 (Fig. 4, U = 3 m s−1) and
G = 0.55 mmol m−2 (Fig. 5, U = 5 m s−1): this means that the
ine rate increase, tend to increase the grafting ratio (and con-
equently the permeability decreases). This observation is of a
reat practical importance since the efficiency of the grafting
ncreases with the increase of the productivity of the spin-
ing/modification line.
Explanation for such remarkable result can be qualitatively
xplained from the theory of the photo grafting process by dip
oating. The observations are the consequence of the variations
f UV energy, of the monomer concentration and of the thickness
f the deposited liquid film. When U is increased, the reduction
n UV energy is composed by the increase of the monomer con-
entration at the surface and in the pore due to the increase of
he film thickness [10]. The data shown in Figs. 4 and 5 lead to
he conclusion that, in this case, the grafting efficiency is mostly
ependent on the amount of monomer presents at the surface
with a thickness of few micrometers).
.1.3. Photografting in presence of photoinitiator
The addition of a photoinitiator (PI) makes it possible to cre-
te radicals in the solution deposited on the membrane and thus
o increase the kinetics and the quantity of created polymer
hains on the surface. Goma showed that the thickness of the
eposited layer is a function of the viscosity and the surface
ension of the monomer solution and the line rate through the
apillary number [10]. The thickness is thus higher than 10m
nd increased with the line rate.
Two sources of radicals will be thus available: on the surface
f the membrane due the photoactivity of PSf and inside the
ntrained solution. The presence of crosslinking agent should
ake it possible to establish links between the chains of created
olymers inside the solution and those created onto the surface
f the membrane; interest being to keep chemical bonds between
he support membrane and the living polymer.
Fig. 6 represents the variation of the hydraulic permeabil-
ty and the degree of grafting of modified 2A hollow fibres in
resence and absence of photoinitiator according to the received
nergy by the membrane (monitored by the line rate). Table 3
hows the intrinsic retention of PEG (10 kDa) with and without
I for two line rates (4 and 5 m min−1 or 750 and 600 kJ m−2).
L
4
5ig. 6. Degree of grafting (DG) and pure water permeability (Lp, 25 ◦C) grafted
A hollow fibre membranes vs. received energy in with and without photoinitia-
or (PI) (UV intensity IUV = 100 kW m−2, [NaSS] = 15%, [Ret] = 2%, [PI] = 2%).
These results show that:
In the presence of photoinitiator, the degree of grafting is
much more important than in absence of photoinitiator, in
particular at the low line rate (i.e. high UV energy, by a factor
5 at 860 kJ m−2).
The hydraulic permeability decreases according to the
received energy in presence or absence of photoinitiator. The
permeability decrease is higher in presence of PI.
The retention of 10 kDa PEG is higher in presence of PI
considering the same UV energy (and probably for a same
obtained permeability).
The higher degree of grafting obtained in presence of PI is
ue to the combined effects of a higher kinetic and a photo
olymerisation that occurs both in the coated solution and at the
urface of the membrane. The thickness of the coated solution is
ar higher (more than 10 times) than the thickness of the reaction
one at the surface of the membrane [10,13]. One can conclude
hat the thickness of the grafting layer is higher in presence of
I because the grafted polymers are produced at the surface of
he membrane and in the coated film (i.e. coated solution).
The efficiency of the grafting layer in term of pore closing is
ifferent in presence or in absence of PI. In absence of PI, the
rowth of the grafted layer starts starting from the surface of the
ore in absence of PI (i.e. the initiation of the polymerisation
ccurs at the surface of the pore). A pore is progressively closed
y the increase of the grafting layer at the surface of the pore
i.e. from the surface). In presence of PI, the initiation occursine rate (m min−1) UV energy (kJ m−2) Without PI (%) With PI (%)
750 76 96
600 72 84
Table 4
Photogreffage conditions and characterizations of grafted hollow fibre
membranes
Grafted hollow fibre Name 1AG 2AG
Grafting conditions
Line rate (m min−1) 7.5 4
Tirr (s) 4 7.5
Received energy by membrane
(kJ m−2)
366.5 755.4
[NaSS] (%) 15 15
[Ret] (%) 2 2
[PI] (%) 0 2
Characterizations
Degree of grafting (mmol m−2) 0.43 2.45
Lp (×10−5 l h−1 m−2 Pa−1 15 4
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fibre membranes; this is in particularly true for the low molec-
ular weight dyes such as AO10 and RO16. The increase of feed
velocity makes it possible to decrease the concentration at the
membrane surface leading to a decrease in permeate concentra-
Table 5
Observed retention of different dye solutions for the two grafted hollow fibre
membranes (pressure 4 × 105 Pa (4 bars),u = 0.8 m s−1, [dye] = 100 ppm, Temp.:
25 ◦C)(l h−1 m−2 bar−1))
MWCO (Da) 4600 2000
Consequently the permeability decrease is higher and
he retention is higher in presence of PI: the efficiency in
erm of pore closing is higher in presence of PI for a
iven UV energy. However, with PI, a far higher DG is
eeded to get the same permeability decrease (2.5 mmol m−2
ompared to 0.8 mmol m−2 to get permeability around
–4 × 10−5 l h−1 m−2 Pa−1 (3–4 l h−1 m−2 bar−1)) because the
urface porosity is low for this kind of membrane (less 5%):
ost of the grafted polymer is not used to close the pores but is
imply grafted on surface without pore.
.2. Characterisation of the selected hollow fibre
embranes
Among all the modified hollow fibres, two were selected for
ltration of coloured solutions: the first one is the 1A mem-
rane support which was grafted at a rate of 7.5 m min−1 with
n energy of 366 kJ m−2 and without photoinitiator, the second
ne was prepared from the grafted membrane 2A at the rate of
m min−1, with energy of 755 kJ m−2 and in the presence of
hotoinitiator (Table 4). These hollow fibres will be called 1AG
nd 2AG, respectively.
In the range of pressures available on the NF set-up,
o compaction is observed. The average permeability of the
AG and 2AG grafted hollow fibres are, respectively, 15
nd 4 × 10−5 l h−1 m−2 Pa−1 (15 and 4 l h−1 m−2 bar−1). The
olecular weight cut-off measured by filtration of PEG solu-
ions, are presented in Fig. 7. The MWCO of these membranes
4600 and 2000 Da for 1AG and 2AG membranes, respectively)
re higher than the molecular weight of the used dyes (Table 2),
he sieving retention mechanism for dyes will be thus limited
articularly for the 1AG hollow fibre membrane.
.3. Application to the treatment of dye solutions
.3.1. Dye retention
The retention of different anionic dyes by the 1AG hollowbre membrane at feed velocity of 0.8 m s−1 and pressure of
× 105 Pa (3 bars), are presented in Table 5. The high retention
∼100%) for DR80 can be ascribed to the high molecular weight
1373 Da) and the number of sulfonate groups (six groups). The
M
1
2ig. 7. PEG retention as a function of molecular weight of PEG of two grafted
ollow fibre membranes 1AG and 2AG.
etention for AO10 and RO16 was lower than that for DR80
ecause of their lower molecular weight and in particularly,
ower charge density (two sulfonate groups). In this case, the
ieving mechanism is slightly less important and dye retention
akes place by an ionic exclusion mechanism [17]. Whereas
he dyes DR80, AO10 and RO16 have retention corresponding
o their charge or/and their molecular weight, the behaviour of
irect yellow 8 (DY8) is remarkable. This dye has a low charge
one sulfonate group) and a molecular weight close to that of
yes AO10 and RO16. The high retention is related to the fact
hat this dye, used such as in textile industry, is an impure prod-
ct; the solution of DY8 in distilled water is clear and limpid
ut addition of salt (NaCl or MgSO4) leads to the formation
f flocs (or aggregation). After settling of the flocs, a complete
iscoloration of the solution is observed while all the coloration
s limited to the flocs. The solution of DY8 is thus not that of
pure dye but a mix of a soluble dye and colloidal particles.
he strong retention of this dye could thus be explained by the
etention of the colloids (aggregated particles) on which would
e sorbed most of the soluble dye.
.3.2. Effect of concentration polarisation
The influence of the concentration polarisation was studied
y varying the feed velocity u in the module, at pressure of
× 105 Pa (3 bars), for four dye solutions using the 1AG mem-
rane (Fig. 8(a and b)) and at two pressures (2 and 3 × 105 Pa, 2
nd 3 bars) for acid orange 10 using the 2AG membrane (Fig. 9).
rom these plots, it is observed that the increase of feed veloc-
ty increases the flux and the dye retention for the two hollowembrane DR80 DY8 AO10 RO16
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-ig. 8. (a) Observed dye retention (R) and (b) solution flux of dye solutions
s. linear feed velocity (u) for 1AG hollow fibre membrane ([dye] = 100 ppm,
pplied pressure: 3 × 105 Pa (3 bars), Temp.: 25 ◦C).
ion (and then an increase in retention). This lower concentration
olarisation leads also to an osmotic pressure decrease and con-
equently an increase in the effective pressure and thus in an
ncrease of the flux. It should be noted that, as the dye con-
entrations are low (100 ppm), the osmotic pressure is small
n comparison with the applied pressure, even at the membrane
urface. So the effect of feed velocity (i.e. decrease of the concen-
ration at the membrane surface) on flux is low (i.e. solution flux
lose to the pure water flux) whereas the dye retention increased
ignificantly. It is to point out that the flux for the dye solu-
ions are quite close to the distilled water flux, especially at high
elocity; this means that fouling is negligible. In any case, no
ig. 9. AO10 solution: Observed retention (R) and solution flux vs. linear feed
elocity (u) for 2AG hollow fibre membrane ([dye] = 100 ppm, Temp.: 25 ◦C).
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rdsorption of dye on the membranes surface was observed as
reviously reported on flat sheet grafted membranes [7].
Concentration polarisation has a remarkable effect on the
etention of dyes which are partially retained. The charge effects
trongly decrease with the increase in the ion concentration and
hus in the concentration polarisation for the aqueous charged
olutions. The retention obtained with 1AG membrane for dyes
O10 and RO16 are due to electrostatic repulsion because the
olecular weight of the dyes is close to 500–600 Da while the
WCO of 1AG membrane is 4600 Da. The use of this mem-
rane for the filtration of these dyes requires a good control of
he concentration polarisation.
Fig. 9 presents the retention of AO10 by the 2AG hollow fibre
t two applied pressures for various feed velocities. The effects
f the concentration polarisation are qualitatively the same ones
s previously reported but quantitatively the retention of AO10
aries only from 3% whereas for the 1AG membrane, the vari-
tion is 20% for the same variation in velocity (from 0.2 to
.7 m s−1). Considering that fluxes are measured to more or less
0%, one can say that the flux is relatively constant for the 2AG
ollow fibre whereas it increases slightly for 1AG hollow fibre.
heses differences in behaviour are due to:
A low flux for 2AG membrane: thus the retro diffusion is
nough to limit the concentration polarisation. On the con-
rary, the convection flux through the membrane is higher in the
ase of the 1AG membrane (approximately four times higher at
× 105 Pa (3 bars)): the concentration polarisation is then more
mportant.
The MWCO of the 2AG membrane (2000 Da) closer to the
size of the dye associated with an important degree of grafting
(2.45 mmol m−2 instead of 0.43 mmol m−2 for 1AG): the 2AG
membrane is thus higher charged with smaller pores than the
1AG membrane. As a consequence, AO 10 retention is higher
with 2AG membrane.
The 1AG hollow fibre thus shows retention lower than that
f 2AG hollow fibre for AO10. The retention varies strongly
hen the concentration polarisation increases owing to the fact
hat the membrane is less charged and its MWCO is too large.
his membrane can be used with high retention and flux in the
ase of the filtration of dyes when the concentration polarisa-
ion is low (high feed velocity; 0.8 m s−1). However, the textile
ffluents are saline solutions, the retention of dye should thus
trongly decrease due to the shielding of carried charges by the
embrane. 2AG hollow fibre is more powerful in term of reten-
ion; fluxes are nevertheless weaker. This membrane which is
igher charged and has a lower MWCO should maintain impor-
ant retention of the dyes for the filtration of saline coloured
olutions.
.3.3. Effect of salt on the flux and dye retention
As already mentioned, the coloured effluents of the textilendustry are saline. The quantity of salt used for the dyeing oper-
tion depends on the type of dye and the number of sulfonate
roups carried by the dye. Mainly sodium chloride is used. The
esults presented in this paragraph were performed with solu-
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Nevertheless, it is not possible, with these experiments, to give
the relative importance of the two mechanisms. So the different
behaviours of the 1AG and 2AG during the filtration of AO10 in
presence or in absence of salt are due to the lower MWCO andig. 10. Observed retention of DR80 (a) and NaCl (b) as a function of flux
nd NaCl concentration for 1AG hollow fibre membrane ([dye] = 100 ppm,
NaCl] = 170 mM, u = 0.41 m s−1, Temp.: 25 ◦C).
ions of the same concentration in dye (100 ppm) but various
oncentrations in sodium chloride. The effect of the sodium
hloride concentration on the permeability and the retention
f DR80 with 1AG hollow fibre are represented in Fig. 10(a):
he retention is plotted versus the flux (which is obtained by
ncreasing the operating pressure).
One can note that, when the salt concentration increases, flux
emains constant for a given pressure (points taken vertically)
ecause of the low retention (∼1–3%) of the salt (Fig. 10b).
he concentration polarisation for salt is thus non-existent. The
smotic pressure is low and constant (the osmotic pressure due
o NaCl varies from 0.25 to 0.33 × 105 Pa (0.25 to 0.33 bars)
ccording to the concentration and the retention of salt). The
etention of the DR80 decreases with the flux (concentration
olarisation) and also decreases with an increase in the salt con-
entration that this decrease in range of salt concentration from 0
o 510 mM is not very important. This effect is due to the shield-
ng of the fixed charges of the membrane by the cations and the
nions present in the solution. However, in the range of the salt
oncentrations used, which are representative of the concentra-
ions for a real effluent, dye retention remains higher than 97%
t concentration of 510 mM NaCl and pressure of 3 × 105 Pa
3 bars).
Fig. 11 represents the influence of the NaCl concentration
n the retention of AO10 according to flux for the 1AG hollow
bre. The NaCl concentration is equal to 170 mM. AO10 is an
nionic dye like DR80 but it has a lower molecular weight and
s less charged (only 2 sulfonate groups against six for DR80).
nlike DR80 retention, the AO10 retention decreases strongly
F
t
uig. 11. Observed retention of AO10 and of NaCl as a function of flux for 1AG
ollow fibre membrane ([dye] = 100 ppm, [NaCl] = 170 mM, u = 0.41 m s−1,
emp.: 25 ◦C).
n the presence of salt while NaCl retention is still negligible.
his decline is worsened by the concentration polarisation due
o the increase in flux. The influence of the presence of salt is
uch more important in the case of AO10 than in that of DR80
ecause the molecular weight of AO10 is much lower than that
f DR80. The sieving retention mechanism is less important
nd do not allow to compensate for the reduction in the ionic
xclusion mechanism.
The use of the 2AG hollow fibre for the filtration of the same
olution (AO10 + 170 mM NaCl) makes it possible to obtain
etention of AO10 ranging between 85 and 80% (Fig. 12). The
etention of AO10 and NaCl decreases according to the NaCl
oncentration while fluxes remain stables. The fluxes at 2 and
× 105 Pa (2 and 3 bars) are equals, respectively, to 7.6 and
1.4 l h−1 m−2. No important decline in the dye retention is
bserved here because on the one hand, the membrane is more
harged than 1AG and on the other hand the MWCO of 2AG
s closer to the molecular weight of this dye than the MWCO
f 1AG. Then for the 2AG hollow fibre, the sieving mechanism
akes it possible to compensate for the loss of ionic exclusion.ig. 12. Observed retention of AO10 and of NaCl as a function of NaCl concen-
ration and applied pressure for 2AG hollow fibre membrane ([dye] = 100 ppm,
= 0.41 m s−1, Temp.: 25 ◦C).
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-ig. 13. Observed retention of AO10 and of NaCl as a function of flux for 2AG
ollow fibre membrane ([dye] = 100 ppm, [NaCl] = 170 mM, u = 0.41 m s−1,
emp.: 25 ◦C).
o the higher DG of the 2AG: the retention of AO10 is higher
ith the 2AG hollow fibre in presence or in absence of salt.
The results presented in Fig. 13 shows the variation of the
etention of AO10 and NaCl as a function of flux for the 2AG
embrane and a solution at the concentration of 170 mM in
aCl. Unlike results shown in Fig. 10 and 11, AO10 and NaCl
etentions increase with flux. Here, filtration is carried out in
smotic filtration mode (Peclet number below 1) where the
echanisms of transfer inside the pore are dominating rela-
ively those present in the solution: the convection flux of water
ncreases, while the diffusion of the salts remain constant. Thus,
AG hollow fibre approaches to the “ideal” membrane presented
n the introduction: the AO10 dye is retained whereas salts are
ot it or little.
.3.4. Effect of time on the permeability and the retention
Fig. 14 relates the flux and dye retention to the time of filtra-
ion (15 h of filtration) without recycling of the coloured solution
ith salt (DR80 with NaCl) at the pressure of 2 × 105 Pa (2 bars)
y 1AG hollow fibre. It is observed that flux decreases slightly
uring the first 9 h then remains almost constant. In the same
ime, the retention of the dye remains stable and higher than
7%. The NaCl retention measured is almost null (1–2%).
ig. 14. Flux and observed retention of direct red 80 (DR80) in presence of
aCl as a function of time for 1AG hollow fibre membrane ([dye] = 100 ppm,
NaCl] = 510 mM, u = 0.41 m s−1, Temp.: 25 ◦C, CF(dye)first point = 1, CF(dye)last
oint = 2.6, CF(NaCl) = 1).
-
UThus, the fouling for the 1AG hollow fibre is little impor-
ant, it makes it possible to retain the dye and to let pass salts.
t approaches the characteristics of the “ideal” membrane imag-
ned in the introduction for the filtration of DR80 dye in presence
f salt. The same “ideal” membrane has been previously pro-
uced in a flat sheet shape [7].
Two hollow fibres were used for the filtration of dye solution.
he fouling for the two hollow fibres is low 1AG and 2AG and
he salt retention is low. The flux is higher for the 1AG HF
hereas the MWCO is lower and the retention of dyes is higher
or the 2AG HF especially in presence of salt. So the 2AG HF
an be used to treat anionic dye solution in presence of salt like
O10 even for low molecular weight dye. The 1AG HF could
e used for the high molecular weight dye like DR80 to improve
he flux compared to the one obtained using the 2AG HF.
. Conclusion
This work showed that it is possible to obtain, by photograft-
ng of vinyl monomers on surface of an ultrafiltration hollow
bre membrane, nanofiltration membranes which are capable to
e used for the treatment of saline dye solutions.
The influence of different parameters on the grafting pro-
ess such as quantity of received energy by the membrane and
ddition of a photoinitiator on the performances and the charac-
eristics of the membrane was examined. One can underline that
ate of grafting are about those used for the spinning of hollow
bres. The setting on line, following a chain of spinning, of a
ystem of grafting is thus possible.
The application of these new modified membranes to the
reatment of coloured solutions showed that:
The fouling problem which exists strongly with polyamide
membranes is practically limited and the flux of the dye
solutions, even after more than 15 h of operating, is almost
constant. The presence of identical charge on the surface of
the grafted membranes and the dye makes it possible to repulse
the molecules of dye, by increasing the retention and limiting
fouling.
A MWCO higher than that of the commercial nanofiltration
membranes (higher than 1500 Da) can be selected to concen-
trate the dye solutions while demineralizing the solution. For
example, a negatively charged hollow fibre having a MWCO
approximately 5000 Da makes it possible to concentrate the
direct red 80 (MW 1373 Da) with a retention higher than 87%,
a high flux (15 × 10−5 l h−1 m−2 Pa−1 (15 l h−1 m−2 bar−1))
and a salt retention lower than 2%. For the dyes of lower
molecular weight or less charged, the degree of grafting must
be increased in order to decrease the MWCO of the modified
membrane. Then an hollow fibre having a MWCO approxi-
mately 2000 Da can be used to concentrate the acid orange
10 (MW 452 Da) with a retention higher than 85%, a high
flux (15 × 10−5 l h−1 m−2 Pa−1 (15 l h−1 m−2 bar−1)) and a
salt retention lower than 10%.
Finally, different membranes could be produced using the
V photografting to adapt the MWCO and the charge of the
m.
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[embranes to the dyes (positively or negatively charged, MW,
. .) and to the solution (salt concentration, . . .) in order to obtain
high flux (i.e. low fouling membrane), a high retention of dye
nd a low retention of salt.
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Nomenclature
CF concentration factor
DG degree of grafting (mol monomer m−2 of mem-
brane)
Lp pure water permeability (×10−5 l h−1 m−2 Pa−1
(l h−1 m−2 bar−1))
NaSS sodium p-styrene sulfonate
PI photoinitiator
R retention (%)
Ret crosslinker
t time (min)
Tirr irradiation time (s)
u feed linear velocity (m s−1)
U line rate (m min−1)eferences
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